Abstract. Some targeted therapies alter muscle mass due to interference with pathways of muscle metabolism. The effects of mammalian target of ra pamycin (mTOR) inhibitors on muscle mass have yet to be fully elucidated. In the present study, the computerized tomography (CT) scans of patients receiving mTOR inhibitors for at least 6 months taken at baseline and post-therapy were retrospectively retrieved, and body composition analyses were performed using the software, sliceOmatic version 5.0 (TomoVision, Inc., Magog, QC, Canada). The difference in body composition parameters was evaluated for significance. The time to treatment (TTF) failure was also compared between the sarcopenic and non-sarcopenic patients at the baseline. Of the 75 patients studied, 20 matched the inclusion criteria (including 16 males). The mean duration between the CT scans was 14.4±2.0 months. A total of 12 (60%) patients were sarcopenic at the baseline, whereas three more (75% in total) became sarcopenic following treatment. The use of mTOR inhibitors significantly decreased the skeletal muscle area (P=0.011) and lean body mass (P=0.007), although it had no effect on adipose tissue (P=0.163) or body weight (P=0.262). The rate of skeletal muscle wasting was 2.6 cm 2 /m 2 , or 2.3 kg in 6 months. The TTF did not differ between sarcopenic and non-sarcopenic patients, and was not significantly associated with any other parameter. To the best of our knowledge, this is the first study to demonstrate that the long-term use of mTOR inhibitors induces a marked loss of muscle mass. Due to the predictive and prognostic role of sarcopenia in cancer patients, these findings may have important clinical implications.
Introduction
Low muscle mass, also known as sarcopenia (1) , is of interest and importance in oncology due to its known association with prognosis and toxicities in a variety of cancer types (2) (3) (4) (5) and cancer drugs (6) (7) (8) (9) . Sarcopenia forms an important component in the definition of cancer cachexia (10) .
The phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)/mammalian target of rapamycin (mTOR) pathway has a key role in activating skeletal muscle synthesis via various stimuli (11, 12) . According to in vivo experiments, upregulation of this pathway leads to muscle hypertrophy, whereas the genetic blockade of this pathway blocks hypertrophy (11, 12) . Therefore, inhibition of this pathway might lead to loss of muscle mass in patients who receive an mTOR inhibitor for cancer treatment. In fact, the finding of sarcopenia has already been demonstrated with the use of the multi-kinase inhibitor, sorafenib, presumably due to downstream suppression of PI3K, AKT and mTOR (13) . Surprisingly, however, the muscle mass increased on treatment with the mitogen-activated extracellular signal-related kinase kinase inhibitor, selumetinib (14) , and the tyrosine kinase inhibitor, vandetanib (9) . To the best of our knowledge, no reports have been previously published on the significant changes in muscle area with the long-term use of mTOR inhibitors, such as everolimus and temsirolimus. As mTOR inhibitors are now being widely used for a wide variety of conditions, including renal cell cancer, breast cancer and pancreatic neuroendocrine tumors among others, information on whether the use of mTOR inhibitors induces sarcopenia is gaining importance. Hence, the aim of the present study was to examine the effect of mTOR inhibitors on muscle mass.
The primary objective of the present study was to assess the change in muscle mass during the long-term (at least 6 months) use of mTOR inhibitors. The secondary objectives were to assess the other parameters of body composition, as well as to investigate whether the time to treatment failure (TTF) differed between the sarcopenic and non-sarcopenic patients at the baseline. Although it is now known that the Muscle wasting associated with the  long-term use of mTOR inhibitors   BISHAL GYAWALI  1 , TOMOYA SHIMOKATA  1 , KAZUNORI HONDA  1 , CHIHIRO KONDOH  2 , NAOMI HAYASHI  1 ,   YASUSHI YOSHINO  3 , NAOTO SASSA  3 , YASUYUKI NAKANO  2 , MOMOKAZU GOTOH  3 and YUICHI ANDO assessment of body weight or the body mass index (BMI) is not able to reliably predict the loss of muscle mass, it has yet to be elucidated whether serum albumin and serum C-reactive protein (CRP), markers of nutrition and inflammation, are able to be used as predictors of the alteration in muscle mass. Hence, the levels of serum albumin and CRP as markers of cancer cachexia were also assessed in the present study.
Materials and methods
Retrospective analysis. This is a retrospective study performed in two institutions of Nagoya, Japan: The Nagoya University Hospital and the Japanese Red Cross Nagoya Daiichi Hospital. The eligibility criteria for inclusion in the present study were: Patients who had taken everolimus or temsirolimus as a single drug therapy for at least 6 months (dose-skipping due to side effects allowed) and who had computerized tomography (CT) scans of the abdomen at the level of the third lumbar vertebrae (L3) available at within ±1 month from the date of starting the drug therapy, and within 1 month of having received the drug for at least 6 months. Data from between June 2010 and October 2015 were accessed. Approval was received from the Institutional Review Board of the two hospitals prior to performing the study.
Body composition measurement. Body weight and height were obtained from the medical chart. BMI was measured using the formula: Weight in kg/(height in m) 2 . CT scans of the abdomen at the baseline and following at least 6 months of therapy were obtained from the electronic database. The L3 level slice was identified, body composition parameters were measured in two slices of the CT scan starting from the L3 level downwards, and averages of the values of the two were determined, as previously described (13, 15) . Body composition was measured using the software sliceOmatic version 5.0 (TomoVision, Inc., Magog, QC, Canada). The L3 level was chosen as it is a validated marker for body composition analysis, including skeletal muscle and adipose tissue (16, 17) . Subcutaneous adipose tissue (SAT), visceral adipose tissue (VAT) and skeletal muscle tissue (SMT) at the L3 level were identified using the CT Hounsfield units of: -190 to -30 for SAT; -150 to -50 for VAT; and -29 to +150 for SMT, as previously described (13) . The muscles identified in the L3 region were psoas, paraspinal muscles (erector spinae, quadratus lumborum) and abdominal wall muscles (transversus abdominis, external and internal obliques, rectus abdominis). The areas (in cm 2 ) of the SAT, VAT and SMT were provided by the software. Total adipose tissue (TAT) was calculated as SAT + VAT. The values of the areas obtained for SAT, VAT, TAT and SMT were subsequently adjusted for body height by dividing the area by the square of the body height (cm 2 /m 2 ). The SMT area thus adjusted for body height is known as the L3 skeletal muscle index (SMI), and this is a validated parameter for the assessment of sarcopenia (10, 15) . Lean body mass (LBM) was also calculated using the formula: LBM (kg) = 0.30 x (SMT area at L3 in CT in cm 2 ) + 6.06 (16) . Sarcopenia was defined as SMI ≤38.5 cm 2 /m 2 for females and ≤52.4 cm 2 /m 2 for males, using the definition of Prado et al (15) to study the incidence of sarcopenia in our population. Since this definition has not been validated for the Japanese population, the gender-specific median SMI of our study population was used instead as the cut-off for sarcopenia.
Serum albumin and CRP values were also obtained at dates corresponding to the CT scans to investigate their potential role in predicting the loss of muscle mass.
Statistical analysis.
The mean values for various parameters were calculated at the baseline and following the use of the mTOR inhibitor, and the differences were examined for statistical significance using a paired t-test. Furthermore, to account for the variation in the duration of scan intervals, as well as to find the rate of the change in body composition parameters, the differences in body parameters were converted in terms of 180 days (6 months) by using the formula: (Change in parameter/no. of days between scans) x180; this difference was assessed for significance using a one-sample t-test.
The association of each body parameter with a change in L3 index was evaluated with bivariate analysis using Pearson's correlation coefficient, and the significance was examined using a two-tailed test. TTF was defined as the time from the start of taking the mTOR inhibitor to the time of stoppage of drug use, due to adverse events, disease progression or mortality, depending on whichever occurred first. The TTF was calculated and compared between sarcopenic and non-sarcopenic patients at the baseline using the Kaplan-Meier method and the log-rank test. The correlations between TTF and various parameters were examined using univariable Cox regression analyses. All P-values were two-sided, and P<0.05 was taken to indicate a statistically significant value. All the statistical analyses were performed using SPSS software, version 22.0 (IBM SPSS, Armonk, NY, USA).
Results
Among a total of 75 patients who had received mTOR inhibitor therapy during the specified period, 20 met the inclusion criteria and were included in the present study (Fig. 1) . Pediatric patients were excluded, since their skeletal muscle mass cannot be compared with that of adults, whereas patients with angiomyolipoma were also excluded since their skeletal muscles were entirely compressed by the excessive volume of the tumor at the L3 level, which rendered any muscle area assessment using CT scans obsolete. Patients with breast cancer on everolimus + hormone therapy, and patients with pancreatic neuroendocrine tumors on everolimus + octreotide, were excluded as the influence of everolimus alone on body composition could not be definitively ascertained.
The mean duration of mTOR inhibitor use was 14.1±2.1 months, and the mean duration between the first and final CT scans was 14.4±2.0 months. All patients had metastatic renal cell carcinoma, with the exception of two who had metastatic pancreatic neuroendocrine tumors. None of the patients were obese; by contrast, five of them (25%) were underweight (BMI <18.5 kg/m 2 ; Table I ).
Effect of the long-term use of mTOR inhibitors on body composition parameters and TTF.
A total of 16 patients (80%) suffered a loss of the SMT area, SMI and LBM following at least 6 months of drug use compared with the baseline. A gain in body weight was observed in nine patients, although seven of them suffered loss of muscle despite gaining body weight. The number of sarcopenic patients increased post-therapy (75%) compared with the baseline (60%; Table I ).
The decrease in body weight was marginal, and not significant. The indices for SAT, VAT and TAT increased post-treatment compared with the baseline, although this increment was not statistically significant (Table II) . The parameters SMT area, SMI and LBM all decreased significantly following treatment: For the SMT area, the mean decrease was 12.6 cm 2 [P=0.011, 95% confidence interval (CI) for decrease in mean area, 3.3 to 22.0], for SMI, the mean decrease was 6.3 cm 2 /m 2 (P=0.022; 95% CI for decrease in mean index, 1.0 to 11.7) and for LBM, the mean decrease was 4.1 kg, (P=0.007, 95% CI for decrease in mean mass, 1.3 to 6.9). The rate of decrease in SMI was 2.6 cm 2 /m 2 (P=0.022) in 6 months (180 days). LBM decreased by 2.3 kg (P=0.016) (15) . SMI <52.4 cm 2 /m 2 for males and < 38.5 cm 2 /m 2 for females. CT, computerized tomography; BMI, body mass index; SMI, skeletal muscle index; L3, level of the third lumbar vertebrae. in 6 months. The level of serum albumin decreased, and CRP increased, following the drug use compared with the baseline, although the differences were not significant.
Association of muscle loss with various parameters.
The extent of the decrease in SMI was examined quantitatively in terms of correlation with various parameters, as shown in Table III . The only significant association was with the baseline SMI; that is, the lower the baseline SMI, the less the decrease in muscle mass. However, the changes in L3 index did not correlate significantly with the duration of drug use.
Association of TTF with SMI.
Taking the median SMI as the cut-off value based on gender, the median TTF was longer in the non-sarcopenic arm (15.7 months) compared with the sarcopenic arm (12.9 months), although the difference was not significant (P= 0.819; Fig. 2 ). Among the various parameters studied, no significant correlation of any of them was observed with TTF.
Discussion
To the best of our knowledge, this is the first study to demonstrate that the long-term use of mTOR inhibitors significantly decreases the muscle quantity, without affecting body weight and adipose tissue. The present study has also shown that the amount of the decrease in muscle mass was associated with the baseline muscle mass. TTF was not associated with the sarcopenia status of the patients. The chronological assessment and interpretation of alterations in muscle mass in cancer patients is problematical, since loss of muscle mass is an important part of cancer cachexia (10) . Hence, it is difficult to accurately determine whether the change in muscle mass observed is due to cancer cachexia or due to the treatment being followed (18) . Therefore, the use of the drug for at least 6 months was taken as an inclusion criterion so that the observed alteration in muscle mass could be reliably ascribed to the drug, and not simply be a component of cancer cachexia. Since cancer cachexia rapidly progresses in patients without treatment response, any muscle loss in those patients is likely to be due to the disease, and not the drug. Furthermore, drug-induced muscle loss at 6 months was previously confirmed in a placebo-controlled trial of sorafenib (13) .
Unlike other studies that have usually assessed body composition change over 3 months (9, 14) , at least 6 months of drug use was featured in the present study as an inclusion criterion to increase the reliability that the observed differences were due to the drug. One previous study evaluating the effect of temsirolimus on body composition did not demonstrate a statistically significant decrease in muscle area, unlike our study (19) . One plausible explanation to account for this is that the mean time between the two evaluated CT scans was only 9 weeks in that study, compared with 14 months in the present study. To the best of our knowledge, this is the longest mean duration between the CT scans for the evaluation of body composition change with drug use. Loss of body weight is an important component of cancer cachexia (10) . Since there was no significant loss of body weight, the loss of muscle mass observed in the present study was most likely due to the drug, and not a part of cancer cachexia.
Seven patients in the present study suffered a loss of muscle area, despite gaining weight. Decreases in SMI were not correlated with losses in body weight. A quarter (25%) of the patients had a low BMI, whereas 60% of the patients were sarcopenic at the baseline. Taken together, the present study confirms that the assessment of sarcopenia cannot (and should not) be substituted with body weight or BMI measurement alone. Sarcopenia, a predictor of worse prognosis, may remain unnoticed, particularly in patients with normal body weight or BMI. This is particularly important in the Western world, where the percentage of obese patients is high. Therefore, increases in body weight may not always be reassuring, since numerous patients could continue to lose muscle mass in spite of gaining body weight.
The exact mechanisms underpinning the loss of muscle mass with the use of mTOR inhibitors warrant further investigation. Activation of the PI3K-AKT-mTOR pathway is essential for muscle protein synthesis. It has been reported that the activation of the AKT/mTOR pathway and its downstream targets is essential for regulating skeletal muscle fiber size, and that the activation of the AKT/mTOR pathway may oppose the muscle atrophy that is induced by disuse (11) . Genetic activation of the AKT/mTOR pathway was sufficient to cause hypertrophy and prevent atrophy in vivo, whereas genetic blockade of this pathway blocked hypertrophy in vivo (12) . It has also been observed that the increase in muscle mass in response to nutrition or exercise occurs in parallel with the activation of mammalian target of rapamycin complex 1 (mTORC1) (20) . In the present study, no significant association of skeletal muscle loss with the gain or loss of adipose tissue was observed. This substantiates the definition of cancer cachexia as muscle loss with or without the loss of adipose tissue (10) .
A majority of the sarcopenia studies in an oncological setting have used Prado's cut-off (<38.5 cm 2 /m 2 for females and <52.4 cm 2 /m 2 for males) for segregating sarcopenic from non-sarcopenic patients (15) . However, in the study of Prado et al (15) , the cut-off value was based on the Canadian population, and it may not be used for a Japanese population such as the one featured in the present study, a fact that has already been acknowledged by other members of the same group that originally provided this cut-off (21) . Thus, in the present study, the gender-specific median SMI of our own population was used to evaluate the TTF, as SMI cut-off data for Asian populations are not available.
One interesting finding in the present study was the significant correlation between the change in SMI and the baseline SMI, namely, that patients who have a low muscle mass at the baseline do not experience as much loss of muscle mass during treatment as do patients who have greater muscle mass at the baseline. Given the important role of the mTOR pathway in muscle synthesis, patients who have low muscle mass at the baseline may also have low levels of mTORC1 receptors at the baseline, compared with patients with comparatively more muscle mass. Thus, the effect of mTOR inhibition may not be as pronounced in patients with low muscle mass at the baseline. However, this is only a hypothesis, and further confirmatory studies are required. Although not significantly so, the decrease in serum albumin and the increase in the level of CRP observed in the present study were expected findings, as serum albumin and CRP are markers of inflammation, and sarcopenia is known to be influenced by inflammation.
Unlike other studies, the present study was not able to demonstrate significantly shorter TTF of sarcopenic patients compared with those without sarcopenia. This could be due to the exclusion of patients with rapid disease progression in our study, as only those patients with at least 6 months of continuous therapy with mTOR inhibitors were included. Alternatively, for patients who received mTOR inhibitor therapy for more than 6 months, sarcopenia may not be a poor prognostic factor, unlike the situation with other drugs. Neither was studying the effects of sarcopenic obesity possible, as none of our patients were obese. The amount of, or the change in, the VAT or TAT values had no impact on TTF. However, due to the small sample size, conclusions regarding TTF or survival may not be drawn from the present study.
The retrospective nature and lack of a control group are the major limitations of the present study. The use of a placebo control is impossible in a retrospective study, and it would also be unethical, with the exception of clinical trials. Non-responders (i.e. who took the drug for <6 months) could have formed a possible control group, although as mentioned above, muscle loss in this group would be more likely to be due to cancer cachexia, and not the drug, thereby rendering comparisons obsolete. The small sample size is another limitation of the present study. However, a number of previous studies on sarcopenia in an oncological setting have usually had a small sample size [e.g. 16 patients in the study of temsirolimus (19) , and 40 in the study of sorafenib among patients with hepatocellular carcinoma (7)].
In conclusion, the present study has revealed the sarcopenic effect of long-term mTOR inhibitor use, and the importance of making an assessment of muscle mass independently of body weight or the measurement of BMI. Due to the predictive and prognostic role of sarcopenia in cancer patients, this finding may have important therapeutic implications. Indeed, a prospective study to confirm these findings is already in place (UMIN Registration no: UMIN000019477).
